Obstructive sleep apnea is a prevalent disorder associated with cognitive dysfunction and cardiovascular and metabolic morbidity and is characterized by recurrent episodes of hypoxia during sleep. Bone marrow-derived very small embryonic-like (VSEL) pluripotent stem cells represent a recruitable pool that may play an important role in organ repair after injury. We hypothesized that exposure to intermittent hypoxia (IH) can mobilize VSELs from the bone marrow (BM) to peripheral blood (PB) in mice and can activate distinct transcriptional programs. Methods: Adult mice were exposed to IH or normoxia for 48 hours. VSELs were sorted from BM and PB using flow cytometry. Plasma levels of stem cell chemokines, stromal cell derived factor-1 (SDF-1), hepatocyte growth factor (HGF), and leukemia inhibitory factor (LIF) were measured. Transcriptional profiling of VSELs was performed, and differentially expressed genes were mapped to enriched functional categories and genetic networks. Results: Exposure to IH elicited migration of VSELs from BM to PB and elevations in plasma levels of chemokines. More than 1100 unique genes were differentially expressed in VSELs in response to IH. Gene Ontology and network analysis revealed the activation of organ-specific developmental programs among these genes. Conclusions: Exposure to IH mobilizes VSELs from the BM to PB and activates distinct transcriptional programs in VSELs that are enriched in developmental pathways, including central nervous system development and angiogenesis. Thus, VSELs may serve as a reserve mobile pool of pluripotent stem cells that can be recruited into PB and may play an important role in promoting end-organ repair during IH. 
AND IS CHARACTERIZED BY THE OCCURRENCE OF repetitive episodes of airflow obstruction during sleep, leading to intermittent hypoxia (IH) and reoxygenation. 4 The morbid consequences of OSA are substantial and include cardiovascular, neurocognitive, and metabolic dysfunction. [5] [6] [7] [8] [9] [10] [11] For example, patients with OSA exhibit substantial memory and executive functional losses, have increased circulating markers of oxidative stress and inflammation, and develop regional gray matter loss. [12] [13] [14] In children, sleep apnea is associated with significant neurocognitive abnormalities, including attention deficits and poor school performance. 15 Exposure to IH has now been widely used to model sleep apnea in animals, 16, 17 and, while such model does not mimic all aspects of OSA, it recapitulates many of the pathophysiologic sequelae of OSA in humans, such as increased oxidative stress, hypertension and endothelial dysfunction, insulin resistance, and cognitive deficits. [18] [19] [20] [21] [22] To more closely approximate human OSA, we and others have developed mouse models in which exposure to IH is applied only during periods of sleep and removed upon either arousal or wakefulness. 17, [23] [24] [25] However, although recurrent hypoxia during sleep is a key characteristic of OSA, the molecular mechanisms by which IH promotes endorgan injury and, importantly, the responses mounted by the host to mitigate this effect remain poorly understood.
Accumulating evidence suggests that pluripotent stem cells residing in the bone marrow (BM) play an important role in the homeostasis and turnover of peripheral tissues and can be mobilized from the BM into the circulation during tissue injury and stress. [26] [27] [28] [29] [30] Recruitment of BM-derived stem-cell niches have been proposed as a major endogenous source for facilitation of structural and functional recovery, as well as promotion of the regeneration of damaged organs. 31, 32 Ratajczak et al. 33 have recently identified a homogenous population of rare, small (~3.7 μm) pluripotent stem cells residing in murine BM that express cellular markers characteristic for embryonic lineage and have shown that such stem cells can differentiate into lineage-committed cells from all 3 germ layers. Indeed, Sca-1 + Lin -CD45 -very small embryonic-like stem cells (VSELs) can be mobilized from the BM to peripheral blood (PB) in response to specific chemokine gradients, including stromal cell-derived factor-1 (SDF-1), hepatocyte growth factor (HGF), and leukemia inhibitory factor (LIF). 33, 34 We have previously reported on the recruitment of VSELs from BM to PB following tissue-specific injury, including stroke 30, 35 and myocardial infarction. 27, 29 In the present study, we hypothesized that mice
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Intermittent Hypoxia Mobilizes Bone Marrow-Derived Very Small EmbryonicLike Stem Cells and Activates Developmental Transcriptional Programs in Mice
Briefly, mouse BM mononuclear cells were flushed from tibias and femurs, and erythrocytes were removed by a hypotonic solution (Pharm Lyse Buffer; BD Pharmingen, San Jose, CA). Cells were resuspended for staining in medium, containing 2% heat-inactivated FBS (GIBCO). The following rat antimouse antibodies (BD Pharmingen) were employed to detect Sca-1 + Lin -CD45
-VSEL-SC: anti-CD45 (APC-Cy7; clone 30-F11), anti-Ly-6A/E (Sca-1) (biotin; clone E13-161.7, with streptavidin conjugated with PE-Cy5), "lineage cocktail", including anti-CD45R/B220 (PE; clone RA3-6B2), anti-Gr-1 (PE; clone RB6-8C5), anti-TCR α β (PE; clone H57-597), anti-TCR γ δ (PE; clone GL3), anti-CD11b (PE; clone M1/70), and anti-Ter119 (PE; clone TER-119). Cells were sorted based on size, estimated using bead particles (Flow Cytometry Size Calibration Kit, Invitrogen, Carlsbad, CA) employing MoFlo sorter (DAKO, Carpinteria, CA). Given the scarcity of VSELs in PB and BM, we performed 6 independent measurements per exposure condition (IH, normoxia) , each based on pooled samples from 10 mice (for a total of 120 animals). Intermittent Hypoxia and Pluripotent Stem Cells-Gharib et al
Gene-Expression Analysis
Multidimensional scaling using principal components analysis (PCA) was performed based on the covariance matrix of approximately 45,000 normalized gene-expression values. 37 Differential gene expression in VSELs exposed to IH versus normoxia was determined using a Bayesian implementation of the parametric t-test designed for robust analysis of microarray experiments with modest replicates. 38 Multiple-hypothesis testing was addressed by false discovery rate (FDR) analysis using the Q-value 39 method. A cutoff Q value of less than 0.05 was used for significant differential gene expression.
Functional Pathway and Network Analyses
Differentially expressed genes in VSELs (Q value < 0.05) underwent Gene Ontology analysis using the Database for Annotation, Visualization and Integrated Discovery (DAVID) program. 40 Enrichment of functional processes was determined using P values derived from a modified Fisher exact test. Functional annotation clustering of enriched categories was used to identify and group biologic modules with similar gene members based on the κ coefficient. 40 A permutation-based FDR analysis was employed to correct for multiple-hypothesis testing (FDR cutoff < 5%) .
We then constructed a gene product interaction network of differentially expressed genes in VSELs during exposure to IH based on previously published direct and indirect interactions using Ingenuity knowledge base 41 and several publicly available databases. The topologic characteristic of the resulting network was studied by using its connectivity matrix. To assess whether the network possessed "scale-free" properties, i.e., followed a power-law distribution, the degree distribution of its nodes, N k , was plotted against the connectivity of the nodes, k 42 . Next, we extracted a subnetwork from the original network, and limited the subnetwork to nodes involved in developmental processes, as determined by our Gene Ontology analysis.
RESULTS
VSELs Can Be Isolated and Quantified from Murine BM and PB
Employing a systematic gating strategy using FACS, based on size, granularity, and specific antibody staining, we isolated rare populations of VSELs from PB and BM of mice exposed to normoxia and IH ( Figure 1 ).
Exposure to IH Mobilizes VSELs from the BM into PB
Isolation of VSELs from BM and PB of mice exposed to either normoxia or IH revealed a significant increase in the peripheral count of these pluripotent stem cells during IH ( Figure 2A ) and a concomitant reduction in the BM reserve pool ( Figure 2B ). The relative effect of IH in mobilizing VSELs 1113 differentially expressed genes in VSELs exposed to IH versus normoxia at a Q-value cutoff of less than 0.05. (See supplementary section, Table S1 . Supplementary material is available online only at www.journalsleep.org.) These differentially expressed genes underwent further computational analyses as described below.
IH Activates Organ-Specific Developmental Programs in VSELs
To determine whether genes differentially expressed during IH map to coherent biologic processes, we performed Gene Ontology analysis followed by functional annotation clustering. 40 The most significant functional cluster was "multicellular organismal development" (enrichment P value 9.7×10 -11 , FDR 1.7×10 -11 ), but several other developmental processes were also highly overrepresented, including those involved in angiogenesis, central nervous system (CNS) development, and tube/lung development (supplementary section, Table S2 ). Figure 4 depicts a wiring-diagram representation of these enriched developmental modules and highlights the intermodular connections resulting from the genes that are shared among them. These findings demonstrate that a brief exposure to IH induces a transcriptional response in BM-derived VSELs that is highly enriched in multiorgan developmental programs.
Network Analysis of VSEL Transcriptome Reveals the Interaction of Key Developmental Regulators During IH
Because biologic processes are often orchestrated by co-regulated changes among many genes, we created a gene product interaction network, or interactome, of IH-induced differentially expressed genes in VSELs ( Figure 5A ). This network consisted of 387 genes (nodes) and 620 connections (edges). Topologic analysis of this interactome demonstrated that, consistent with many biologic networks, it is scale free and follows a power law distribution-i.e., N k ~ k -γ (γ = 1.39, R 2 = 0.98) from BM to PB in response to IH is shown in Figure 2C . Furthermore, IH was associated with a significant increase in plasma levels of the stem cell chemoattractants SDF-1, HGF, and LIF ( Figure 2D -F), providing further evidence that exposure to IH promotes a favorable gradient for recruitment of VSELs from BM to PB.
Exposure to IH Induces a Distinct Transcriptional Response in VSELs
Differential variability in genome-wide expression profiles of BM-derived VSELs exposed to IH and normoxia was assessed using PCA. This analysis robustly segregated the 2 exposure groups (Figure 3 ), implying that IH causes a global perturbation in the VSEL transcriptome. We then statistically identified Figure 2 -Mobilization of very small embryonic-like stem cells (VSEL) from bone marrow (BM) to peripheral blood (PB) and development of chemokine gradients in plasma after exposure to intermittent hypoxia profile for 48 hours. Panels A-C demonstrate significant increases in PB counts of VSEL (normalized for total leukocyte numbers) and concomitant decrease in the relative ratio of these stem cells in BM. Panels D-F show significant elevation in protein levels of 3 stem cell chemoattractants in response to intermittent hypoxia: stromal cell-derived factor-1 (SDF-1), hepatocyte growth factor (HGF), and leukemia inhibitory factor (LIF). The values displayed are means ± standard error of mean (SEM). P values were calculated using unpaired student t-test.
the hierarchical organization of stem cells because they can self renew and differentiate into all 3 germ layers, whereas mesen-3 germ layers, whereas mesengerm layers, whereas mesenchymal stem cells represent a more populous and lineage-committed stem cell pool that differentiate only into mesenchymal tissues, such as bone, adipose tissue, and muscle. Secondly, our experimental exposure to IH occurred during the natural sleep cycle of mice and without instrumentation or anesthesia. Notwithstanding, the consistency between our findings supports the proposition that recurrent hypoxia promotes recruitment of various stem cell populations from the BM into the PB and that such recruitment should be apparent in patients with OSA as well. Indeed, we and others have shown that OSA is associated with alterations in the levels of circulating endothelial progenitor cells in adult 45 and pediatric 46 populations, thereby further lending support to the notion that OSA and/or IH will not only activate organ injury-related processes, but also recruit repair mechanisms that may mitigate the magnitude of morbidity or facilitate recovery upon treatment and cessation of IH.
Although we found that VSELs were activated and mobilized during in vivo exposure to IH, the genetic programs orchestrating this response remained unexplored. We therefore proceeded to systematically explore the transcriptional consequences of IH on these unique rare clusters of pluripotent stem cells using expression profiling followed by functional and network analysis. Initial analysis revealed that exposure to IH induces a distinct global transcriptional signature in VSELs. More than 1000 unique genes were differentially expressed in BM-derived VSELs in response to IH, and their interacting network possessed scale-free properties characteristic of complex biologic networks. 47, 48 Importantly, functional analysis of the differentially expressed genes revealed that multiple, organ-specific developmental programs were enriched during IH exposure ( Figure 4) . Consistent with the pluripotent embryonic-like properties of VSELs, these modules encompassed developmental processes originating from the differentiation of distinct germ lines, including ectoderm (CNS CNS development), mewhere N k is the degree distribution and k is the nodal connectivity ( Figure 5B ). Network nodes mapping to the "development module" are highlighted in a darker shade, confirming that this functional module comprises a significant proportion of the membership of the interactome. To better evaluate the links among members of this highly enriched module, we extracted a subnetwork limited to these genes ( Figure 6 ). This "developmental interactome" captures the complex relationships among genes mapping to the "development module" in Figure 4 . Members of the network involved in CNS, blood vessel, or tube/lung development are highlighted in different colors for illustration purposes. A select number of representative nodes regulating these processes are labeled in Figure 6 , including vascular endothelial growth factor receptor-1 (Flt1), angiopoietin-1 (Angpt1), epidermal growth factor (Egf), peroxisome proliferator activated receptor-γ (Pparg), glucose transporter type-4 (Glut4), stromal cell-derived factor-1 (Sdf1), dishevelled-1 (Dvl1), and vang-like 1 and 2 (Vangl1, Vangl2) . A fully labeled network is available in the supplementary section ( Figure S1 ).
DISCUSSION
In this study, we show that exposure to IH during the circadian rest period (i.e., daylight hours) promotes induction of distinct stem cell chemoattractant gradients in PB of mice and robustly mobilizes pluripotent VSELs from BM to the peripheral circulation. Since IH is a key pathophysiologic feature of OSA, our findings raise the possibility that this phenomenon also occurs in the clinical setting. Recent studies by Carreras et al. showed that mesenchymal stem cells are released into the peripheral circulation of anesthetized rats exposed to recurrent apneas for 6 hours 43 and that injection of mesenchymal stem cells can reduce markers of inflammation. 44 Despite similar findings, there are important differences between our approaches. Firstly, we studied different stem cell populations. VSELs are very rare pluripotent cells occupying the highest level in Figure 3 -Principal component analysis of bone marrow-derived very small embryonic-like stem cells (VSELs) gene expression from mice exposed to intermittent hypoxia and normoxia. The clear segregation and prominent clustering of the experiments into 2 groups implies that exposure to intermittent hypoxia elicits a distinct genome-wide transcriptional perturbation in these pluripotent stem cells. Figure 4 -Enriched biologic processes involved in specific organ development are depicted using a wiring diagram. The intermodular connections reflect the fact that some genes map to multiple modules, whereas the line thickness is proportional to the number of shared genes. CNS refers to central nervous system. Intermittent Hypoxia and Pluripotent Stem Cells-Gharib et al ing, and sleep patterns. 56 A number of the nodes (shown in gray, Figure 6 ) did not map to enriched developmental submodules (as depicted in Figure 4 ) but were, nevertheless, members of the developmental network. Prominent examples included Pparg and Glut4. The products of these genes play critical roles in adipogenesis 57 and maintenance of glucose homeostasis.
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Taken together, these results imply that in vivo exposure to IH activates distinct and selective transcriptional programs in BM-derived pluripotent stem cells. Intriguingly, many of these differentially enriched developmental processes map to organs or pathways known to be adversely affected in OSA, including the CNS, vascular system, and metabolism. 59 This finding raises the possibility that, in response to IH, VSELs activate regenerative programs tailored for end organs that are either injured or at increased risk for injury.
Our study has a number of limitations. The murine model of IH does not capture the pathophysiologic complexity of OSA, since it does not incorporate sleep fragmentation, recurrent hypercapnia, and increased intrathoracic pressure swings. Furthermore, we have restricted our studies to the effects of short-term exposure to IH-chronic exposure to IH, as seen in OSA, may result in different patterns of VSEL recruitment soderm (blood vessel and skeletal development), and endoderm (tube/lung development).
To further understand the gene-product relationships within the highly enriched developmental module, we extracted a genetic interaction network from the large network of differentially expressed genes ( Figure 6 ). This analysis attributed functional roles for specific differentially expressed candidate genes. It was reassuring to find among such highly enriched genes within this interactome-the stem cell chemoattractant Sdf1, which also mapped to multiple developmental processes. Other members of this developmental network included vascular Flt1 and Angpt1-2 critical regulators of angiogenesis. 49, 50 The most densely connected node within the network was Egf, a controller of branching morphogenesis 51 and a key ligand in the EGFR signaling cascade regulating many developmental, proliferative, and transformative processes. 52 Several interacting gene products-including Dvl1, Vangl1, and Vangl2-were members of the CNS development module. Mutations in Vangl1 and Vangl2 have been linked to neural-tube defects in mice 53 and humans, 54 whereas Dvl1 functionally interacts with these genes during CNS development. 55 Interestingly, transgenic mice lacking Dvl1 exhibit abnormality in their social behavior, sensorimotor gat- Figure 5 -Gene product interaction network of differentially expressed genes in very small embryonic-like stem cells (VSELs) after in vivo exposure to intermittent hypoxia. Panel (A) highlights genes annotated to developmental processes in a darker shade. Panel (B) shows that the topology of this network is scale free and follows a power-law distribution. N k refers to degree distribution; k, the nodal connectivity. Figure 6 -A "developmental" subnetwork of differentially expressed genes in very small embryonic-like stem cells after exposure to intermittent hypoxia. This network was extracted from the larger interactome of Figure  5A , and was limited to genes mapping to developmental processes. To better visualize selected network components, genes involved in central nervous system (CNS) development (blue), vessel development (red), and tube/lung development (green) have been highlighted in primary colors. Genes shared by 2 of these modules are shown using secondary colors (magenta, yellow, and cyan), whereas genes common to all 3 are depicted in rainbow color. Genes include vascular endothelial growth factor receptor-1 (Flt1), angiopoietin-1 (Angpt1), epidermal growth factor (Egf), peroxisome proliferator activated receptor-γ (Pparg), glucose transporter type-4 (Glut4), stromal cell-derived factor-1 (Sdf1), dishevelled-1 (Dvl1), and vang-like 1 and 2 (Vangl1, Vangl2). and the activation of different transcriptional programs. Our animal-based findings may not be generalizable to humans, although previous studies on VSEL recruitment during stroke and myocardial infarction reported similar responses in humans 35, 60 and in mice. 27, 30 Our functional and network analysis of the VSEL transcriptome is limited by the current state of knowledge and can yield different results in future iterations. Additionally, components of this interactome may represent a generalized response of VSELs to other pathophysiologic perturbations and, therefore, may not be specific to IH exposures. Although compelling, our results do not unequivocally prove that recruited VSELs in PB originated from the BM, since it is possible that some of these stem cells were mobilized from other tissue depots. However, BM is the predominant repository of VSELs and likely the primary source of the increased numbers observed during IH in PB. Finally, we have not demonstrated that mobilized populations of BM-derived VSELs are recruited to specific target organs in response to IH, where they undergo lineage differentiation and proliferation. Further studies are clearly required to elucidate the fate of these IH-activated pluripotent stem cells in circulating blood and to investigate their role within specific tissue compartments.
In summary, we report that exposure to IH during sleep for 48 hours alters stem cell chemoattractant gradients in plasma and mobilizes VSELs from BM to the peripheral circulation. A systematic analysis of the VSEL transcriptome further reveals selective activation of developmental programs in response to IH, including those involved in CNS development and angiogenesis. Future work is needed to establish the regenerative mechanisms initiated by these transcriptional programs upon recruitment of pluripotent stem cells to at-risk organs. 
